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OPTICAL IHSTRUMEiiTS 



IHTRODUCTIOH 



You are now fanilllar with sane of the propet ties of Idealized single lenses and 
simple spherical and plane mirrors. Almost all optical Instruments are ciade up 
of a calcination of lenses » so^£ close together and others far apart. Real lenses 
and mirrors hdve many undesirable properties Intimately Interconnected with their 
desirable properties. By making careful and clever coii4)1iiat1ons of lenses one 
can enhance the desirable and minimize the undesirable characteristics. In this 
module you will begin the stu4y of some simple combinations of mirrors and simple 
lenses; It will give you some Insight Into the conpllcatlons and fascinating 
possibilities of complex optical systems. 

PREREQUISITES 

Before you begin this module^ Location of 

you should be able to: Prerequisite Content 

*Solve problems to find Image or object lenses 
location and lateral magnification by and Mirrors 

calculation and by ray diagram for spherical Module 
mirrors and thin lenses (needed for 
Objectives 1, 2, and 4 of this module) 



LEARfilKG OBJECTIVES 

When you have mastered the content of this module^ you will be able to: 

1. Ray diagrams - Use ray diagrams to find magnification and locate objects, 
images, or lenses when appropriate other Information is given for two-lens 
systems. 

2. Lane equation - Use the thin-lens equation to find magnification and locate 
objects, images, or lenses when appropriate other Information Is given for 
two-lens systems. 

3. Angular magnification - (a) Define angular magnification for various optical 
instruments, (b) Apply the definition of angular magnification to systems of 
two lenses, or one lens and one mirror, such as telescopes and compound 
microscopes. 
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THX7; Frederick J. Bueche, Introduction to Physics for Scientists and Engineers 
(«c6raw-Hin, Hsu York, 1975J, second edition 



SUGGESTED STUDY PROCEDURE 

Study the text Chapter 33, Sections 33.1, 33.3, and 33.4, and read the General 
Comments. Then study Problens A through F and work the Assigned Problens. To 
satisfy Objective 1 you should draw ray diagrams for the assigned problens even 
though they are not specifically requested. Study the ray diagrams in the study 
guide and Figure 33.5(b} in the text, but note that Figures 33.1, 33.4, and 33.5(a} 
are not ray diagrams. There is a ninor notation problem that the following table 
should help. 







Text 


Study Guide 




Index of refraction 




n 






Object distance 


p 


s 






Lnage distance 


p' 


s' 










BUECHE 








Objective 
Number 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 






Study Guide 


Study 
Guide 


Text 
(Chap. 33} 


(Chap. 33) 


1 


Sec. 33.4 


A, B 


G 






2 




C, D 


G 


13, 15, 17 


14, 18 


3 


Sgcs* 33 # 1 > 
33.3, 33.4 


E, F 


H 


8, 9. 11, 
12 
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TEXT: David HalMiay and Robert Re5niclc> Fundaisentdls of Physics (Hiley> New 
YorIc> 1970; revised printing, 1974) 



SUGGESTED STUDY PROCEOORE 

Since there is no discussion in your text specifically covering the objectives 
of this ;nodule> you can follow the study guide supplied by your tutpr if you have 
one of the following texts available- 
Frederick J. Bueche> Introduction to Physics for Scientists and Engineers (KcGraw- 
Hill> Hew YorIc> 1975) > second edition. 

Francis Veston Sears and Mark W. Zeniansky> University Physics (Addison-Vesley> 
Reading, *iass-> 1970) > fourth edition. (Note that Sears and femansky use 
s and s*> Instead of o and i for object and image distance > respectively*) 
Note also that mst of the diagrams are not ray diagranjs that follow the r£^- 
construction rules. 
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TEXT: Francis Ueston Sears and Mark tf* Zenianslvy^ University Physics {Addison- 
Wesley, Reading, Hass., 1970), fourth edition 



SUGGESTED STUDY PfiOCEOURE 

Study the text Chapter 40, Sections 40-5, 40-10, 40-13, and 40-14, and tead the 
General ConnEnents of the study guide. Study Problems A through F and ray diagranis, 
noting that most of the diagrams in the text are not strictly ray diagra;3S that 
follow the ray-construction rules- Work the Assigned Problens. To satisfy 
Objective 1, you should draw ray diagrams for all Assigned Problems, even though 
they are not specifically requested. 



SEARS AKD ItmiSKi 



Objective 




Problens with 


Assigned Problems 


Additional 


Kucifaer * 


Readings 


Solutions 




Problems 






Study Guide 


Study Text 










Guide 





1 

2 



Sec. 40-5 



Sees. 40-10, 

40-13. 

40-14 



A. B 
C, D 

E. F 



G 
G 

H 



40-20. 
40-21 (a). 
40-22 

40-32. 
40-33, 
40-37. 
40-3B. 
40-40 



40-35. 40-39 
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TEXT: Richard T. Heldner and Robert Sells, Elgnentajry Classical Physics 
(Allyn and Bacon, Boston, 1973), second edition. Vol. 2 



SUGGESTED STUDY PROCEDURE 

Study the text Chapter 37, Section 37-3 on lens combinations, and be sure to study 
Figures 37-16 through 37-20, as they are carefully drawn and iijerlt careful study 
although little Is said about then In the text. Read the General Coimients. Study 
Problesus A through F and work the Assigned Problems. You should draw ray diagrams 
for the assigned text problems even though It Is not specifically suggested In the 
problem. 



HEIDNER AND SELLS 



Objective 
Ijumber 


Readings 


Problems with Solutions 


Assigned Problems 






Study Guide 


Stu4y 
Guide 


Text 


1 


Sec. 37-3 


A, B 


G 




2 


Sec. 37-3 


C, D 


G 


37-11, 
37-12, 
37-14 


3 


Sec. 37-3 


E, F 


K 


37-17 
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GENERAL CO^SHEHTS ^ 

Anyone who has a modest conipetance In geometrical optics has found r^ diagrams 
essential for the understanding of optical systans. You have probably alreacly 
discovered that remembering and correctly applying the sign conventions for the 
thin-lens equation can at times be difficult, and It gets worse for multiple- 
component systems. Drawing a ray diagram has fewer and less confusing rules. Ray 
diagrams provide a relatively Independent check on the results of a calculation 
using the lens equations. Successful use of a r^ diagram does require some 
practice, and you must draw several before trying a Mastery Test. 

There Is one case of two thin lenses that Is particularly simple - when they are 
close enough together so that you can neglect the distance between then and when 
the object distance for the second lens Is the negative of the image distance for 
the first lens. One of the Assigned Problems asks you to work out the details. 

One experimental way to find the focal length of a converging lens Is to set up 
an object and the lens and then find the location of the real Image on a screen. 
A simple calculation using the object distance, Image distance, and the thin-lens 
equation will then give you the focal length. This method cannot be used directly 
with a diverging lens because with normal diverging wavefronts a diverging lens 
cannot form a real Image. Problems B and D Illustrate a method of getting a real 
Image with a diverging lens and thus a way to find Its focal length. 

Our ability to distinguish details depends In part upon the size of the Image on 
our retina, which In turn depends on the angle subtended by the object at our eye. 
Thus to see an object more clearly we bring it closer to our eyes. There Is a 
limit, however* because when it gets too close we can no longer focus on the object. 
We somewhat arbitrarily take 25 cm as the nearest distance of distinct vision, and 
characterize many optical instruments by their angular magnification. For a 
microscope, angular magnification (M) is defined as the ratio of the anqle sub- 
tended by the Image viewed by the eye to the angle subtended by the object at 
25 cm- For a telescope, however, the angular magnification is defined as the 
ratio of the angle subtended by the Image viewed by the eye to the angle sub- 
tended by the object at its actual location. These definitions are slightly 
different but reflect the actual use of the instrument- Note that the actual 
magnification will depend on the location of the final Image, '^hlch in mst 
Instruments Is adjustable. 

PROBLEM SET WITH SOLUTIONS 

A(l). Tv/o thin converging lenses are on a con^non axis 1-00 ni apart. The first 

lens (Lj) has a focal length fi = +0.40 m; the second lens (Lz) has a, focal 
length fz - +0.200 m. An object 0.0200 m hlqh is 0.90 m to the left of the 
first lens. Find the location and size of the final image by making a ray 
diagram. 

Solution 

To solve this problem draw a ray diagram, as you learned in the module Lenses and 
Mirrors , to find the Image of the object as formed by the first lens, This is 
Figure 1. Now using the image formed by the first lens L-j as the object for the 
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second lens, draw a ray diagram for the second lens, as in Figure 2. There is no 
need to use extensions of any of the rays from the ray diagram of L^. Ray diagrams 
in textbooks usually show particular rays continuing through both lenses, but 
that is not necessary. 




Figure 2 



B(l). A thin converging lens (L^) of focal length f^ = 0.40 m and a thin diverging 
lens (Lg) of focal length fg = -0.300 m are on a corimoh axis LOO m apart. 
An object 0.0100 m high is 0.60 m to the left of L^. Fitid the location and 
size of the final image by making a ray diagram. 

Solution 

As in Problem A find the image formed by the first lens: See Figure 3. The next 
step is a bit tougher, however: we cannot treat the image from as a simple 
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object for Lg because its rays are intercepted by Lg before they can form an 
image , (virtual object). We shall proceed by choosing very carefully the rays 
that we will draw. 

(1) A parallel ray headed toward a virtual object point will diverge from fg* 

(2) A ray headed for fX and a virtual object point will be refracted parallel 
to the axis* 

(3) A ray passing through tjie center of the lens and heading for a virtual object 
point will be undeflected* 

Note that on a ray diagram, you may use rays refracted by an extension of the lens* 
See Figure 4- 




Figure 3 




Figure 4 
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C(2). For the s^e conditions as In problem A, find the location and size of 
the final linage by calculation. 

Solution 

Apply the approximate thin-lens equation to find the image location of the original 
object as formed by the first lens: 

s s" f^' 0.90 ' 05"' ^ ' "''^ 

From s1ni!dr triangles on the ray diagrcun or the formula for lateral magnification. 

Image size = -(s7s)(object size) = (0.72/0.90)(0.0200) = -0.0160 jn. 

The negative simply Implies an Inverted Image. Since the lenses are 1.00 m apart, 
the Image from L-j Is now the object for and has an object distance 

%2 = 1.00 - 0.72 = 0.280 m. 

We now apply the thin-lens equation again: 

h -^2 s^ h " 

final Image size = -(-0.0160)(0. 70/0.280) = 0.940 m. 
These results agree quite closely with the graphical solution to Problem A. 

D(2). Work Problem B using the thin-lens equation. 
Solution 

The location and size of the image formed by the first lens should be fairly 
routine by now: 

s*i^"y OO^i^'OtT' ^ -i-20m. 

Image height = -(s7s)(object height) - -^^0-0100) = -0.0200 n. 

This Image now becCHnes the object for object distance 

Sg = 1.00 - 1.20 = -0.200 m. 
The negative sign Indicates a virtual object. 

I_ + 1. - ]_ -J 4. J_ - 1 - n fin 

S2 s£ " fg' 0.200 s£ " 0.300' h " 

Image height = -(s7s)(object height) = -C0.60/(-0.200)3(-0.0200) = -0.060 m. 
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This result agrees with the result from the lens diagram in Problem B. 

£(3). The Moon at a distance of 3.8 x 10 m subtends an angle of '\Xi,5^ as seen 

frm the Earth. With a telescope objective lens of focal length 2.00 m: 
(a} Find the image I^y location> and size* 

(b) A converging lens ~ 5-0 an) is used to view the image I^j created 
by the objective lens. The final image is virtual and 0.250 m from Lg- 
Find the distance from image 1^ to 

(c) What angle does the image I^j subtend at the lens 

(d) What angle does the image I2 subtend at the lens 

(e) What is the angular magnification of this sii^ple telescope? 

Solution 

(a) From the thin*lens equation, since the object distance is very large the Image 
will be at f = 2.00 m. The image and object of a thin lens subtend equal angles; 
thus, 9 ^ y/f, where y is the image size: 

y = f 9 = (2-00 m)(0.5'') ^ (2.00 m)(0-00873 rad) = 0.0175 m. 

(b) For l^y %2 " unknown, s' - -0.250 m> f = 0-050 m, 

Ij" oiso" 0^50 > 0-042 m. 

(c) The angle subtended, 

tan 02 = y/s2 = 0.0174/0.042 ^ 0-42, 9^ = 0.40 rad = 22-7^. 

Since we have frequently used the small*angle approximation, v/e could equally as 
well have said 92 = y/S2 = 0.42. 

(d) The image subtends the same angle as the object: 

9^ = 92 = 0-40 rad = 22-7**. 

(e) H = 6^6 " 22.7/0-50 = 45- Notice that this corresponds roughly to the approximate 
formula 

M ^ f^/fg = 2-00/0.050 ^ 40 
(derived for the final image at infinity). 
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r(3}. A conipound microscope has an objective lens U> of focal length 4.0 

-5 

it forms an image at a distance of 16.0 cm of an object of 10 m 
diaT^ter. It is viewed by a siniple eyepiece (L2> f2 - 2.50 cm) adjusted 
to form a virtual image at infinity. 

(a) Find the angle subtended by the object at the closest distance of 
distinct vision. 

(b) How large is the image 1^7 

(c) What angle does the image subtend at when the final image 
is at infinity? 

(d) What angle does I2 subtend at 

(e) Find the angular magnification of the microscope. 

Solution 

(a) tan 9 = e = 10'^/0.250 = 4.0 x 10"^ rad- 

(b) The image size = (object size)(s^Vs^) = 10"^(0J60/0*0041) = 3.9 x 10'^ m. 
The object distance will be slightly larger than fy 

i^^oetr^okr* ^1 = 0-0041. 

(c) For I2 infinity S2> the object d1stance> is f2 - 0.025 m. Thus> 

62 ^ (3.9 X 10'^)/0.0250 = 0.0156 rad- 

(d) Same as part (c)> 0.0156 rad. 

(e) M = 62/8 = 0.0156/(4.0 x lO"^) = 390. 

Problems 

G(l> 2). A thin diverging lens> - -0.40 m> and a thin converging lens> f2 = 
0.200 my are on a common axis 0.100 m apart. An object 0.040 m high is 
located 0.40 m to the left of the diverging lens. Find the location and 
size of the final image by a ray diagram and by calculation from the 
thin-lens equation. 

H(3). A Galilean telescope is to be constructed using an objective lens of 
= +0.40 m and a diverging lens U of focal length f« = -0-050 m. 
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(a} Khat angle Is subtended by a object at 100 m distance? 

(b) How large an Image will be formed by lens L^j? 
(c} The diverging lens Is placed so that the final imge I2 1^ 3 
virtual Image at Infinity. Find the angle subtended by the virtual object 
at Lg- 

(d} Find the angle subtended by I2 ^t 

(e) Find the angular magnification H for the Galilean telescope adjusted 
as above. 

Solutions 

G(l> 2}. Location: 0,60 m to the right of the converging lens.. Size: 0.040 m 
high. 

H(3). 0.0200 rad. (b) 0.0080 m. (c) 0.160 rad. (d) 0.160 rad. (e) 7.9. 



PRACTICE TEST 

1' Two thin lenses each of focal length -1-20.0 cm are 20.0 cm apart. An object Is 
10.0 on to the left of the left-hand lens. Find the location of the final 
Image by both a ray diagram and calculation using the thin-lens equation. 

2. Define angular magnification for a microscope. 

3. An opera glass consists of a converging lens of focal length 0.50 m and a 
diverging lens of focal length -0.100 m. Find the angular magnification for 
a 2.00*m tall opera singer at a distance of 30.0 m. (If you use any simple 
formulas for angular magnification be sure that you derive th&n.} Assume the 
final Image to be at Infinity. 
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1. Two thin lenses each of focal length ^.200 m are 0.200 m apart. An object Is 
0.200 m to the left of the left lens. Find the location of the final Image 
both by a ray diagram and by a calculation using the thin-lens equation. 

2. Define angular magnification for a microscope. 

3. The telescope In Figure ^ Is constructed from an objective that Is a concave 
spherical tufrror of diameter C.200 m and radius of curvature 3,00 fli» and an 
eyepiece equivalent to a simple lens of focal length 0-0250 la. The telescope 

IS used to view a pair of stars whose separation subtends an angle of 0.00100 rad. 
The final Image of the star pair Is fonned by the telescope at 1.00 Find the 
angular magnification of the telescope when so adjusted, (Do not use a^y simple 
formulas you may have remembered^ but do the calculation step by step from 
the definition.) The plane mirror simply reflects the Image out of the Incident 
beam and need not be considered In this problem. 
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1- Two thin lenses each of focal length -^0.200 in are D.2DD m apart. An object 
is D.40 m left of the left lens. Find the location of the final image both 
by a ray diagram and by a calculation using the thin-lens equation. 

2- Define angular inagnification for a Galilean telescope. 

3. A confound microscope is constructed from two simple converging lenses of 
focal lengths 5.D mm (objective) and 5.D an (eyepiece) and a tube* separating 
the lenses* D.2CD in long. The object Is located so that the final image Is 
at Infinity. Find the angular magnification. (Do not use any simple formulas 
you m^ have remanbered* but do the calculation step by step from the 
definition.) 
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1. Two thin lenses^ the one on the left of focal length -0.200 m and the second 
of focal length t0.200 are separated by 0.2C0 m. An object Is 0,200 m to 
the left of the left lens. Find the location of the final image both by a ray 
diagram and by a calculation using the thin-lens equation. 

2. Define angular magnification for a telescope. 

3. A pair of binoculars has an objective lens of focal length of 0.280 m and an 
eyepiece of effective focal length 0.040 They are focused on an object 
0.050 fli high at a distance of 6.0 m with the final Image at 0.250 m. Find the 
angular magnification. (Do not use any simple formulas that you may have 
ranenbered^ but do the calculations step by step from the definition.) 
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MASTERY TEST GRADIKG KEY - Fonn A 



1. What To Look For : The ray diagram is a bit tricl^ya but the student should 
indicate parallel rays between the lenses (parallel to each other^ Aot the 
axis). Check sign, magnitude, and units of the nunierical answer. 

Solution: See Figure 6. For the first lens; 

First lens: 1/0.200 ^ = 1/0.200, s{ = «. 

Second lens: 1/** ^ 1/sX = 1/0.200, sX = 0.200 m to right of right lens. 




Figure 5 



Object at infinity 

2. Solution : The angular magnification of a microscope is the ratio of the angle 
subtended by the final image at the ocular to the angle subtended by the object 
at the nearest distance of distinct vision* usually 25.0 cm. 

3. What To Look For : Be sure that the problem is solved in a stepwise fashion 
similar to- that below^ and-not by H-—f^-f^- 

Solution : The focal length of a spherical mirror is R/2 - f = 1.50 m. For an 
object as far away as a star the image will be at the focal plane. The separ- 
ation of star images will be 

d = f = (i.50)(o.ooioo) = 1.50 x lo^^ m. 

To find the distance to the ocular we use the thin*lens equation: 
I/S2 - 1/1 = 1/0.0250, $2 = °-°246 m. 

= d/Sg = (1.50 X 10'^)/0-0246 = 0.061 rad. 
M = 2/0-00100 = 0.061/0.00100 = 61. 
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HfiSTERY TEST GRADING KEY - Fom 8 

1. What To Look For: Be sure that the r^ diagram has r^s that can be con- 

structed and is not "faked" from the nunierical answer* Check inagnitude, units, 
and reference point of final answer. 

Solution : See Figure 7. 1/0.40 + 1/s^ = 1/0.200, s^ = 0.40 m; 
Sg = 0.200 - = 0.200 - 0.40 = -0.200; 

-1/0.200 + 1/si = 1/0.200, S5 = 0.100 m to right of right lens* 



2. Solution : Tne angular magnification of a telescope is the ratio of the angle 
subtended by the final image at the ocular to the angle subtended by the 
object at the objective lens. 

3. What To Look For : Be sure that the problem is done stepwise similar to the 
Solution below, and not by substitution into H L(25/f )f (except perhaps 
as a check). 

Solution : Assume an object y (small), ej = y/0.250 = 4y. Since the final 
image is at infinity its object is f = 0.050 m from the objective, 0.200 - 
0.050 ' 0.150, and the object distance can be calculated: 

1/s^ + 1/0.150 - 1/0.0050, s^ = 0.0052 m; 

Image size - y(0.150/0.0052) = 2gy. 

- 2gy/q.050 = 580y; and, finally, H = 580y/4y = 145. 



Figure 7 
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OPTICAL INSTRUHBJTS 



MASTERY TEST 6RADIHG KEY - Form C 



1. What To Look For : 8e sure ray dlagrain uses correct principal rays and Is not 
"faked" from numerical answer. Check magnitude, units* and reference point 
of final answer* 



Solution : See Figure 8. 
1/0.200 ^ = -1/0.200, 
1/0.300 ^ 1/s^ = 1/0.200, 
s 



s^ = -0.100 m; 



Sg = 0.100 -3- 0.200 = 0.300, 



S2 = 0.60 m to right of right lens, 




Figure 8 



2. Solution: The angular magnification of a telescope Is the ratio of the angle 

- - subtended at the jocular by the f.lnal Jmage to the.anglo .subitended by the object 
at the objective lens. 

3. What To Look For : 8e sure that the problem Is done stepwise similar to the 

Solution below and not simply H = f^f^ = 7 (except maybe as a check on the 

0 e 

result). 

Solution : The object subtends an angle 0^ = 0.050/6 = 0.0083 rad. The Image 



Is at s 



r 



= 0.290 n. 



1/6 + ^/s^ = 1/0.280, 
Its size Is (0.050)(0. 290/6) - 0.00240 n. Its distance from the ocular is Sg: 



Vs„ - 1/0.250 = 1/0.040, 



Hie angle subtended at the ocular Is 



0.0340 m. 



02 - 0.00240/0.034 - 0.072. 



H = 82^9^ = 8.5. 
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DIFFRACTION 



INTRODUCTIOS 

Have you ever wondered why you can hear around corners » but cannot see around 
them? You know that light and sound are waves » and should therefore share the 
sanie basic properties. Why then do th^ seesn so different In the property of 
their "shadows"? 

In this module you will learn that light does exhibit all the bending properties 
of sound and water waves. The effect^ however* depends on the size of the obsta- 
cle compared to the wavelength. It Is only the largeness of everyday obstacles 
compared to the very small wavelength of light that deemphaslzes the bending* 
or diffraction, of light. In this module we shall use very small obstacles and 
windows In order to make the diffraction effect most apparent to you. 



PREREQUISITES 



Before you begin this module, 
you- should be able to: 



Location of 
Prer equ Is 1 te COn tent 



*Explain Interference of light In terms of the 
properties of waves (needed for Objectives 1 
through 4 of this module) 

*(i1ve the source and wavelength of some common 
electromagnetic waves (needed for Objectives 
1 through 4 of this module) 



Interference 
Kodule 



Have Properties of Light 
Module 



LEARNING OBJECTIVES 

After you have mastered the content of this module^ you will be able to: 

1. Huyqens' principle - Use Huygens' principle to explain how light from a single 
slit can produce Interference fringes* 

2. Fraunhofer diffraction - (a) State the optical conditions necessary to produce 
Fraunhofer diffraction through a single slit, (b) Use the equation for the 
diffraction Intensity pattern frm single-slit Fraunhofer diffraction to solve 
for the Intensity* the position of various Intensities* the size of the single 
slit* or the wavelength of the wave. 

3. Resolving power - (a) Describe the conditions for which two objects viewed 
through a slit or circular aperture are just resolved, (b) Solve for the 
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separat1on> distance > or the wavelength emitted by two objects that are just 
resolved; or solve for the smallest orifice through which they can be Iden- 
tified as two objects. 

4. Diffraction grating - Solve diffraction-grating problems that ask for the 
position of the principal. (or most Intense) max1ma> the order number, the 
wavelength of the Hght> or the optical construction of the diffraction 
grating. 
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TEXT: Frederick J. Bueche, Introduction to Physics for Scientists and Engineers 
(HcGraw-Hill, New York, 1975)j second edition 



SUGGESTED STUDY PROCEDURE 

Read General Conments 1 and 2 in this study guide, and Section 32.1 of Chapter 32. 
Then study Problem A. Hext read Sections 32.2 through 32.4 and study Illus- 
tration 32.1 and Problem 8, before working Problems E and F, Read Section 32.5 
and study Problem C; work Problem G. Then read Sections 32.5 and 32.7, study 
Problem D, and work Problems H and I. 

Take the Practice Test, and work some Additional Problems if necessaiy, before 
tiying a Mastery Test. 



BUECHE 



Objective Readings Problems with Solutions 


Assigned 
Probl ems 


Additional 
Problems 


Study 
Guide 


Text 


Study 
Guide 


(Chap. 32) 


1 General Coimients A 
1, 2, Sec. 32.1 






Quest. ^ 1 


2 Sees. 32.1 to 32.4 B 


Illus.^ 32.1 


E, F 


Quest. 4, 7, 
Probs. 1 to 8, 
10 


3 Sec. 32.5 C 




G 


Quest. 9, 
Prob. 9 


4 Sec. 32.7 D 




H. I 


Quest. 2, 3, 
Probs. 14 to 16, 
19, 21 



^nius. = mustratlon(s). Quest. - Questlon(s). 
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TEXT: David Halliday and Robert Resnick, Fundamentals of Wiysics (Wil^, 
New York, 1970; revised printing, 1974) 

SUGGESTED STUDY PROCEDURE 

Read General Conanents 1 and 2 in this study guide, and Section 38-1 in (^apter 38. 
Then study Problem A. Read Sections 38-2 through 38-4 and study Problem B and 
Exan5>les 1 to 3, before working Problems E and F. Read Section 38-5, study 
Problem C and Example 4, and vrt)irt Problem G. Then read Sections 38-6 through 
38-9, study Problan D and Example 7, and work Problems H and I. 

Take the Practice Test, and work some Additional Problems if necessary, before 
trying a Mastery Test. 



HALLIDAY AND RESNICK 



Objective Readings Problems with Solutions 
NuiT&er 


Assigned 
Pr(^lffliis 


Additional 
Problems 






Study 
Guide 


Text 


Study 
Guide 


(Chap. 38) 


1 


General Comments 
1, 2, Sec. 38-1 


A 








2 


Sees. 38-1 to 
38-4 


B 


Ex.^ 1, 2, 
3 


E, F 


Quest. ^ 1 to 6, 
Prctos, 1 to 4, 
6, 7 


3 


Sec. 38-5 


C 


Ex. 4 


G 


Probs. 10 to 15 


4 


Sees. 38-7 to 38-9 


D 


Ex. 7 


H, I 


Quest. 14, 15, 
17, Probs. 30 
to 36 


^Ex. = 


Example(s). Quest. 


= Question(s). 
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TEXT: Francis Weston Sears and Hark Zemansl^> University Physics (Addison* 
Wesley> Read1ng> Hass.> 1970} > fourth edition 



SUGGESTED STUDY PROCEDURE 

Read General Comments 1 and 2 In this stu^y 9u1de> and Section 41-10 in Chapter 41. 
Then study Problem A_ Next read Section 41-11, study Problem B» and work Problenis 
E and F. Read Sections 41-12 and 41-13> and study Probles D and ExamDles 1 anrf 
2. Then read Section 41-14 and study Problen C. Work Probleios G through X. 

Take the Practice Test, and work some Additional Problems If necessaiy> before 
trying a Mastery Test. 



SEARS AND ZEHANSKY 



Objective Readings 
Nurnber 


Problems with Solutions 


Assigned 
Problems 


Additional 
Probl enis 




Study Text 
Guide 


Study 
Guide 




1 General Comnents 1, 
2, Sec. 41-10 


A 






2 S2CS. 41-10, 41-n 


B 


E, F 


41-1.5, 41-16, 
41-17 


3 Sec. 41-14 


C 


G 


41-22, 41-23 


4 Sees. 41-12, 41-13 


D Ex.^ 1, 2 

(Sec. 41-12) 


H, I 


41-18, 41-20, 
41-21 


Ex. ' Example(s). 
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TEXT: Richard T. Meldner and Robert L. Sells, Eleaentary Classical Physics 
(Allyn and Bacon, Boston, 1973), second edition. Vol. 2 



SUGGESTED STUDY PROCEDURE 

Since your text does not follow the order of the Learning Objectives of this 
iBodule, you night do well to read Chapter 39 through quickly at first, for an 
overview, then study the sections according to objective, as given in the Table. 
Read General Cotiriients 1 and 2 in this study guide. Then read Sections 39-1 through 
39-3, study Problems A and B and Example 39-1, before working Problems E and F. 
Hext read Sections 39-4 through 39-7, study Problems C and D and Exauple 39-2, 
and work Problens G, H, and I. 

Take the Practice Test, and work some Additional Problems if necessary, before 
attenq>ting a Mastery Test. 



\l£mER AND SELLS 



Objective 
Number 


Readings 


Problems 
with Solutions 


Assigned 
Problems 


Additional 
Problems 






Study 
Guide 


Text 


Study 
Guide 




\ 


General 
Comnents ' 
1, 2, Sees. 
39-3, 39-1 


_ A 








2 


Sees. 39-3, 
39-1, 39-2 


B 


Ex.^ 39-1 


E, F 


39-5, 39-7, 39-8 
39-9 


3 


Sec. 39-7 


C 




G 


39-14, 39-15, 
39-16, 39-17 


4 


Sec. 39-5 


D 


Ex. 39-2 


H, I 


39-19, 39-20 



Ex. ^ ExaFnple(s), 
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GENERAL COVSmnS 

1. ftjyqens^ Principle 

Huygens* principle describes the emotion of a ly^ve inovlng amy from Its source by 
having you visualize that each point on the expanding wavefront Is a source of 
spherical waves of the saine wavelength. In Figure 1 are shown two examples of 
waves coming through different- size windows. The snail left-hand window In Fig- 
ure 1(a) can be thought of as containing only one point* with the spherical wave 
eajanating from It and spreading Into the region to the right of the window with 
equal Intensity In all directions. 




P 



Figure 1 Figure 2 

As the window becomes larger, as in Figure Kb), the transmitted wave becomes 
more planar and the bending around the edge becomes a less important effect. The 
many spherical waves produce interference in all directions except that normal 
to the plane of the windows. This is a qualitative reason why large windows (or 
obstacles) appear to cast sharp shadows. 



2* Interference of Ifaves 

All through the readings in this module you will encounter the light and dark 
fringes that you have learned to associate with Interference of wdves. This 
reinains the correct interpretation of these fringes* but how the interfering waves 
are the spherical waves predicted by Huygens^ principle. An example is shown In 
Figure 2. Two points, A and B, are shown on a wavefront moving to the right. The 
secondary waves from A and B are also shown* At point P the waves from A and B 
have different length paths and will Interfere. Depending on what the pathlengths 
to P are for the other secondary waves from the wavefront, you might see a fringe 
at P. 

It is not difficult to realize, though, that for a wavefront containing many 
points* the conditions for all the secondary waves to interfere in just the right 
way to produce fringes at P are rare. Your everyday experience agrees with this: 
except for cases such as when you are looking through an umbrella- or at a far* 
awety light, you do not see fringes. 
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PROBLEM SET WITO SOLUTIDKS 

A single slit is illtHDinated fr<m the left with iBonochroniatic waves, as 
in Figure 3. Use Huygens' principle to explain how fringes can be seen 
on the screen. Assume plane waves. 

Solution 

Pick points A and B on the edge of and midpoint of the slit. Draw scsne seconda?:y 
Huygens' waves, as shown In Figure 4. IJow that you have the spherical waves you 
can pick two parallel r^^s and determine their path difference. A lens is rieces* 
sary to achieve a focus on the screen- See Figure 5- If r = A/2, the rays will 
Interfere destructively at the screef). Additional pairs of points can be chosen 
similarly until the slit is full- Each pair will have rays at the same angle as 
those coming from points A and B, which will also interfere destructively* Thus> 
point P on the screen will be the location of a dark fringe. The location of the 
bright fringes is more complicated to determine. Suffice it to say that in between 
every two dark fringes there must be a light fringe. 



Figure 3 



Figure 4 





Figure 5 



B(2}. A thin lens v/ith a 3.00*m focal length is placed directly to the right of 
a 0.60-fmi^ide single slit. The slit is Illuminated from the left with 
500-nm-wavelength light. The Intensity at the central naxlmum is 12.0 ^ 
10'^ H/m^* Assume Fraunhofer diffraction, and find the Intensity 2*00 ^ 
^0'^^ m to the side of the central maximum. 



Figure 6 
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Solution 

See Figure 6. The texts give the intensity equation for Fraunhofer diffraction as 

(HR)* 



2 2 

I = ipt'sin a)/a 3, a = (aa/x) Sin 6; 
I = I(jt(s1n^ u)/u^3, u = Ub/>) sin a; 

T - T rSin(ga/A sin e)- ] . 
^ ^0*- sin e "J * 

I = ^q I > <f = (2Wx) sin e. 



(B)* 
(SZ)* 
(WS)* 



Find e: ton 6 = y/f = (2.00 x 10"^ n)/(3.00 n). For this small angle, tan 3 
= 6. Using tfie notation of Halliday and Resnick: 

a = = Ti(6.0 X 10"^ m)(2.00 X 10"^ m) = 2 51 

^ ^ (500 X 10"^ n)(3.00 n) 



Then 



I = (12.0 X 10"^ s)tsin^(144«)/(2. 51)^3 = 6.58 x lo'^ O/jrt^ 



C(3). A counterfeiter photographs a bill prior to making his engraved plate. 
See Figure 7. His camera has a 2.00 x 10 n diameter lens, and he uses 
daylight (550 x lo"^ n). What is the farthest he can place his camera 
from the bill if he wants to be able to resolve details 1.00 x io~* n apart. 

Solution 

The limiting angle of resolution for a circular aperture Is 8 = 1.22X/d. 

The angle a is related to the bill-camera distance by y/x = tan a e for small 

angles, which you can anticipate here. See Figure 8. Thus, y/x = 1.22X/d and 




Figure 7 




*HR - Halliday and Resnick. B 
and Sells. 



Figure 8 

Bueche. SZ = Sears and Zemansky. WS = Meldner 
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'•"^ O.22)(550 X 10"^ ci) 

D{4)- A diffraction grating has 5-5 « 10 llnes/ia. What Is the highest order for 

-9 

which a 560 x 10 m green light can be observed? Assuine nornially Incident 
plane waves. 

Solution 

The Intense (principal} maxima are located by mx = d sin 8. The maximum viewing 
angle Is 6 - In this case> na < d because m Is an Integer. Thus> 

in < -r " F — 2j 3.2 and ui - 3. 

* ^ (5.5 X 10%)(560 X 10"^ m) 



Problems 



F(2) 



fi(3). 



If the yellow light from a sodium arc (x = 589 x 10 in) is used in a 
Franunhofer single-slit diffraction experiment, how wide nust the slit 
be if the first ninimum occurs at an angle of 6"? Would it be difficult 
to carry out this experiment? 

A plane wave having wavelength 5.90 x lo"^ n falls on a slit of width 
0.400 X 10"^ n. A converging lens, focal length of 0.70 n, is placed 
behind the slit and focuses the light on a screen. What is the distance 
on the screen from the center of the diffraction pattern to (a) the first 
nininium? (b) the second ninimum? 

Some persons who live in the Arctic reduce the amount of light entering 
their eyes by wearing opaque screens wiWi slits cut in them as shown in 
Figure 9. What is the smallest width of the slits so that the "sunglasses" 
will not prevent resolution of objects 0.30 m apart and 500 m away? Assume 
sunlight with x = 6.00 x 1q'^ m and Fraunhofer diffraction. 





Figure 9 



Flqure 10 
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H{4). A student calibrates a diffraction grating using light from a hellunrneon 
laser (A 6.328 x 10 m) and Fraunhofer conditions. See Figure 10. 
The first-order principal (or most Intense) maxlrnisn occurs at 38**. 

(a) What Is the spacing between the rulings on the grating? (This Is 
what the calibration accomplishes.) 

(b) At what angle Is the second-order principal maximum? 

I{4). A diffraction grating 0.0200 m wide has 6000 rulings. At what angles will 
the principal (or most Intense) maxima occur If the Incident radiation has 
a wavelength of 5.89 ^ 10'^ m. Assume Fraunhofer conditions. 



E(2). 5.6 ^ 10'^ m. Yes, If you had to make your own apparatus. The slit 
is very narrow. 

F(2). (a) 1.03 X 10'^ m. (b) 2.06 x 10'^ m. 



1(4). First order: 10*, Second order: 21**. Third order; 32*. Fourth 
order: 45*- Fifth order: 62**. 



PRACTICE TEST 

1. Use Huygens' principle to explain how light through a single slit can produce 
Interference fringes. 

2. (a) State the optical conditions necessary for Fraunhofer diffraction. 

(b) What IS the distance between the central maxlnuim and the third minimum 
of a Fraunhofer single-slit diffraction pattern on a screen 0.40 m away from 
the slit? The light has a wavelength of 5.50 x 10^^ m> and the slit Is 
2.50 X 10'^ m wide. 

3. (a) Use the Fraunhofer single-slit diffraction pattern Intensity graph to 
describe the conditions for which two objects are Just resolved. 

(b) A telescope Is used to observe two distant point sources 0.50 m apart. 
The light used has a wavelength of 5.00 x lo*^ m> and the objective mirror 
of the telescope Is covered with a screen having a rectangular slit of width 
1.00 ^ 10"^ m. VOiat Is the maximum distance at which the two sources may be 
distinguished as two? 

4. What Is the longest wavelength that can be observed In the third order for a 
diffraction grating having 1.00 x 10^ lines/m? 



Solutions 



G(3). 1.00 X 10-3 m. 



H(4). (a) 1.03 X 10"^ m. (b) It does not occur. 



•ui 01 X z'z 



gOl X 00* t (q) •£ 



•UI 01 X 09*2 (<J) 'Z 
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pass 



T-ecycle 



Mastery Test 



Form A 



Tutor 



T. A plane wavefront advances front the left toward the single slit shown In 



Use Huygens' principle to explain how the Wave can go through point P. 

(b) Use Buygens' principle to explain briefly how there might be a light or 
dark fringe on a screen placed at point 

2. (a) Mhy Is a lens necessary to focus the fringes resulting from Fraunhofer 
diffraction? 

(b) Light of wavelength 4.00 x 10" m Is used In a Fraunhofer single-slit 
experiment. The sHtwIdth Is 4.5 x 10*^ m- What Is the ratio of the Inten- 
sity at 2-00** to the Intensity at the central maximum? 

3. (a) Briefly describe the conditions on the separation of their diffraction 
patterns for tv/o objects that are just resolved. 

(b) An astronaut lands on the Moon and sets off two bright, yellow flares 

q 8 
(X = 590 X 10 m) 10-0 m apart. The Moon Is 3.8 x 10 m from Earth- Cduld 

the 200-1n- (5-1-m) telescope on Mt. Palomar resolve the flares? Explain. 

4. A diffraction grating having 10 000 lines per centimeter produces a first- 
order principal (or most Intense) maximum at d = 28^. Uhat Is the wavelength 
of the light used? 



Figure 1- 




Figure 1 
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Date 



pass recycle 

*1astery Test Form B 

12 3 4 

Nanie . ^i:. Tutor . . - 

• r- 



1. 



2. 



A plane wavefront advances from the left toward the single slit shown In 
Figure 1* 

(a) Use Huygens' principle to explain how the wave can 50 through point P. 

(b) Use Hiiygens' principle to explain briefly how there might bi a light or 
dark fringe on a screen placed at point P. 

(a) What are the optical conditions necessary to produce Fraunhofer diffrac- 
tion through a single silt? 

(b) You are given the task of measuring the width of a very narrow slit and 
you decide to use Fraunhofer diffraction. Your apparatus Is shown In Figure 
2- A 1-50-m- focal-length lens Is placed against the slit. You measure the 
distance between the second- and third-order dark fringes to be 5.0^ 10*^ m. 
VJhat Is the width of the slit? (X = 475 ^ 10^* m.) 

(a) The Intensity diffraction pattern for a small object Is shown In Figure 3. 
A second similar small object Is placed near the first,, and It can just be 
detennlned that two dejects are present. Sketch the Intensity diffraction 
pattern for the second object In Figure 3. - 

(b) An approaching car with headlights separated by 1.40 m Is viewed through 
a single slit 1-00 ^ 10"** m wide. How close must the car be to the observer 
before she. can distinguish that there are two headlights? (x = 7-00 10"^ m.) 

You are given a diffraction grating with 6000 lines per centimeter. 

(a) Hhat Is the highest order you can observe for a principal (most Intense) 
maximum for the 632-8 ^ 10"^ m waveler^th helium-neon laser light? 

(b) At what angle does this order occur. 




Light source 




Lens 



a/ 




V 



Figure 1 



1;50 m 



Figure 2 



Figure 3 
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Date - 

pass recycle 
12 3 4 



Name 



Tutor 



1. A plane wavefront advances toward the single slit fr<Kn the left In Figure 1. 

(a) Use Huygens' principle to explain how the wave can go through point P. 

(b) Use Huygens' principle to explain briefly how there might be a light or 
dark fringe on a screen placed at point P- ; 

2. (a) In the apparatus shown In Figure 2, where fi and fz sre the focal lengths 
of Lenses 1 and 2, respectively, will the diffraction of light through the 
single slit be Fraunhofer diffraction? Briefly explain why- 

(b) If the llQht source emits two wavelengths, 500 and 750 ^ 10^^ shew that 
the second-order dark fringe for one will coincide on the screen with the 
third-order dark fringe of the other. 

3. (a) A small object Is placed near the similar small object i^ose Intensity 
diffraction pattern Is shown In Figure 3» and It can just be determined that 
two objects are present. Sketch the Intensity diffraction pattern for the 
second object on Figure 3- 

(b) A circular radar antenna (A - 0.250 m) Is designed to resolve two airplanes 
1000 m apart and 200 km awe^ from the antenna. What Is the minlrmim diameter 
of the antenna dish? 

4. Vou are given a diffraction grating and told to detennlne the nuniier of lines 
per jneter- Using the green line of mercury (546 x lo*^ m), you find that the 
angle between the central and the first principal (most Intense) maxima Is 30**. 



Have- 
front 




Figure 3 



— ^ ^ 




Figure 2 
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1* Solution: See Figure 18. Each point in the slit is a source of secondary 
spherical waves. Rays from ar\y of these waves can go to point P, 
(b) If the spherical waves that go through point P have pathlength differences 
such that their superposition causes complete destructive or constructive 
interference, there will be fringes at P. 

2. Solution : (a) Fraunhofer diffraction is characterized by plane wavefronts 
(parallel rays) on both sides ^f the obstacle or window. A lens is necessaiy 



to focus parallel rays. 

(b) Use I = InC(sin^ a)/a^3, where a ^ 



ua/A sin 6. 



Solving for a? we find 

a = Tr(4.5 x 10"^ m)/(4.00 x 10'^ m) sin(2.00^). 
Use the small-angle approximation sin 6 - 6 to get sin 2.00** = Tr/90. Then 



a ^ ir^(4.5 x lo'^ m)/(4.00 x 10^^ m)(gO) = 123 rad. 



Now 



'■0 or 02zr 023)^ 



3. Solution: (a) The central naxinum of one object's diffraction pattem is at 
the first ninintmj of diffraction pattern of the other object, 
(b) Use sin 6 = 1.22 A/a and anticipate that 6 will be vei^ small so that 
sin e = tan 6. See Figure 19. tan 6 = y/x, and thus, y/x > 6 is the condition 
for resolution of the flares. 

^ = (10.0 ni)/(3.8 X 10^ n) = 2.6 x lo'^, 9 = 1 .22C(590 x lO'^ n)/5.1 m] 

= 14.1 X 10"^. 



ERIC 



Thus the flares are not resolved. 
4. Sol ution ; Use mX = d sin 6. 

A 



(d sin e)/n = (1.00 x lo'^ n)(0.469)/l = 469 x 10^ n. 




Figure 18 



Figure 19 

S7 



Flare 




Tel escoDe 
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1. Solution: (a) See Figure 20. Each point in the slit is a source of secondary 
spheri cal waves. Rays from any of these waves can go to point P. 

(b) See Figure 20. If the spherical waves that go through point P have path- 
length differences such that their superposition causes complete destructive 
interference, there will be fringes at P. 

2. Solution: (a) The wave on the upstream side of the slit must have plane 
wavefronts. The analysis for interference on the downstream side of the 
slit is done with parallel r^s (also plane wavefronts) . 

(b) See Figure 21. Using mX = a sin 6, and the smsll-angle approximation 
e = sin e tan 6; mX = ay/x, and for the second and third dark fringes. 



3. Sol ution: (a) See Figure 22. The central maxiimjm of one pattern must be over 
the first minimum of the other. 7 a 

(b) Use sin 6 = A/d = (7.00 x 10'' m)/(1.00 x 10'^ m) = 7.00 x 10'^, and the 
small-angle approximation sin 6 tan 6 is justified. See Figure 23, where 
tan e = y/x. Thus: p 



2\ = ^,/x. 



^3-^2 



3A = V3/X, y3 - y2 = (3 - 2)\x/a, 
(475 x 10-^ m)(1.50 m) , ^^^3 ^ ^^-4 ^ 



5.0 X 10'^ m 




4. 



Solution: (a) Use m\ = d sin 6 and, since |sin ej 5I, 



n < T = ^ 9— ' 2.6. 

~ (6 X 10Vn)(632.8 x 10 ^ m) 



X = 



1 

7.00 X 10' 



r3 



7.00 X 10' 



1.40 m 



■3 = 200 m. 




X 
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MASTERY TEST GRA0IN6: KEY - Form C 



1. Solatlon : See Figure 24, Each point in the slit is a source of secondary 
spherical waves. Rays from any of these waves can. go to point P. 

(b) If the spherical waves that go through point P have pathlength differ- 
ences such that their superposition causes complete destructive or construc- 
tive interference, there will be fringes at P, 

2. Solution : (a) Yes. Leris 1 causes parallel-ray (plane wvefront) light to 
shine on the slit; and lens 2 focuses only parallel rays onto the screen, 

(b) Use mX = a sin 6. When the two orders coincide th^ will have the same 

e. The slitwidth a is the same for both wavelengths, thus m^A^ = m^2' 

2X^ = and X^/X^ = 3/2, which is satisfied foif x^ = 750 x 10'^ m and 

= 500 X 10"^ ra. 

3. (a) See Figure 25. The central maximum of one pattern must be over the 
first minimum of the other. 

(b) Use sin e = 1.22x/d. Since the planes are two hundred times farther 
away than the distance between then you can use the small-angle approxima- 
tion sin e - tan 9. See Figure 26. tan 6 - y/x = 1.22X/d and 

, „ 1 ,22Ax „ (1,22)(0,250 m)(200 x 10^ m) _ „ 
^~ y ~ 1000 m ~ --Dim. 

4. Solution : Use mX = d sin d. d is the distance between the lines. We 
want 1/d. Thus 




Figure 25 



39 



Module 

STUDY GUIDE 



1 



ALTERNATING-CURRENT CIRCUITS 



IflTRODUCTION 

The electric clock on the wall, radio and television, the incredibly rapid handling 
of information by computers, and the transmission of signals by our ovm nerves 
are among countless devices and effects that depend on circuits in which currents 
or voltages vary with time* Alternating-current (ac) circuits, in which charts 
oscillate back and forth in a wire in such a way that the average current is 
zero^are among the simpler time-varying circuits* In'tfijs module you will study 
the behavior of simple ac circuits containing resistors, inductors, and capacitors* 



PREREqJISITES 



Before you begin this module. Location of 

you should be able to: Prerequisite Content 



*Conyert degrees to radians and radians to 
degrees (needed for Objective 1 of this 
module) 

*Oifferentiate and integrate sine and cosine 
functions (needed for Objectives 1 and 2 of 
this module) 

*Relate emf, current, and resistance in dc 
circuits (needed for Objectives 1 through 3 of 
this module) 

*Relate capacitance, charge, and potential 
difference (needed for Objectives 1 through 
3 of this module) 

*Relate inductance, current, and emf (needed 
for Objectives 1 through 3 of this module) 

*Calculate energy in the electric field of a 
capacitor (needed for Objective 4 of this module) 

*Calculate energy in the magnetic field of an 
inductor (needed for Objective 4 of this module) 



TriQonometr^ 
Review 



Calculus 
Review 



Direct-Current 
Circuits Module 



Capacitors 
Module 



Inductance 
Module 

Capacitors 
Module 

Inductance 
Module 



LEARNING OBJECTIVES 

After you have mastered the content of this module, you will be able to; 
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1. Rotating vectors - Illustrate phase relations amm currents and potential 
differences in different portions of a given ac circuit, using vector and/or 
graphical techniques. 

2. Alternating-current analysis - Solve for unknown quantities In an ac circuit, 
using vector techniques, given a suitable set of currents, potential differences, 
einfs, resistances, capacitances. Inductances^ and/or frequencies. 

3, Averages * Calculate root-mean-square (nns) potential differences, currents, 
and/or average power In a given ac circuit. 

4, Energy - Describe the energy flow In a given ac circuit. 
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TEXT: Frederick 0. Bue;;he, Introduction to Physics for Physics for Scientists and 
Engineers (HcGraw-Hill, Hew York, 1975), second edition 

SUGGESTED STUDY PROCEMJRE 

You have already studied simple exe^les In vAich currents or potential differences 
varied with time. For Objective 1, it will be useful to review quickly Sections 
21.12 in Chapter 21 and Section 25.4 in Chapter 25. Then study Section 27.1 in 
Chapter 27 for Objective 2. Usually angular frequency, e * 2irf (radians per sec- 
ond), is used to avoid carrying factors of Zv along in all the equations. 

Study General Cramtents 1 through 3 and Chapter 27, Sections 27.2 tJiroujih 27.4 
for Objective 3. Keep in mind the text's convention on notation: v, i are tlme-r 
varying quantities; Vq, Iq are the ptaximum values, or cunplitudes of tims-varying 
quantities; and V, I are mis quantities. To make the text on p. 524 consistent 
with Figure 27.3, change "C and "D" to "A" and "3," respectively, in the second 
paragraph and In the footnote. 



BUECHE 



Objective 
Number 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 






Study Text 
Guide 


Stu4y Text 
Guide (Chap. 27) 


(Chap. 27) 


1 


Sec. 27.4, 
General Comments 
3, 5 


A Illus.^ 
27.5, 
27.6, 
27.7 


0 7, 8, 14 


9, 10, 15, 16, 
19 


2 


Sees. 27.2, 
27.3, 27.5, 
General Comments 
1, 5 


B Illus. 
27.2, 
27.3, 
27.4 


E 3, 5, 7, 
8, 14 


Quest. ^ 9 to 
13, Probs. 4, 
6, 9, 10 to 
13, 15, 16, 19 


3 


Sec. 27.1, 
General Ctsiments 
2, 5 


C 


F 


Quest. 5, Probs. 
1, 2, 9, 10 


4 


Sec. 27.6, 
General Comment ^ 


B, C 


E, F 


Quest. 3, 4 



Illus. « Illustration(s). Quest. - Question(s). 
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The vector treatinent used to represent ms potential differences and currents (e.g.. 
Fig. 27.8} can be extended to give Instantaneous values* v(t} and 1(t}. Suppose 
the potential difference between two points In a circuit Is given by the e;cpress1on 

^1 " ^10 «t = sin cat, 

where V Cv{t)3j^. Let us draw a vector representing the anspl1tude» v^j^ = v^V. 
If the vector Is horizontal at t » 0 and Is allowed to rotate counterclockwise with 
angular velocity It will look like the sketches in Figure Bl dt the stated tinies. 
The Instantaneous value of v(t) at tine t Is then simply the vertical casqionent of 
the rotating vector. 

If a potential difference Is the sum of two potential differences, with a difference 
In phase* as In Figure 27. 8» the sante analysis can be applied. The entire vector 
triangle rotates with angular velocity w. Thus, If 1 = 1o sin tJt as In Figure 27.8, 
the vector triangle looks, at different times, like Figure B2. In summary, to find 
the Instantaneous potential difference or current at any Instant t, algebraically 
add the component Instantaneous values- To find the amplitude or the jrms potential 
differ ence , add the coinponent values vectorlally. In comparing the trlanctles drawn 
here with those In Figure 27-8, notice that Bueche has drawn the triangle for rms 
values, but we have plotted ciaxlmum values. This does not affect the geometiry In 
any way, since we imiltlply the length of each rms quantity by the same factor ^ 
to get the amplitude. Solve Problems A and B- Compare your solutions with those 
In the study guide. Then solve Problans D and E, and Problems 3, 5, 7» 8 and 14 
In Chapter 27- 

Study Sections 27.5 and 27.5. Resonance is an Important special case of the qeneral 
RLC circuit- If you can handle the general case, resonance Is easy! In Section 27.5 
the author suddenly changes his notation. To avoid confusion, add the subscript "av** 
to the left-hand side of Eq. (27.14b) and the unnumbered equation following Itt Read 
General Conments 4 and 5. Solve Problem C and compare your answer to that In the 
stu4y guide. Then solve Problem F. Take the Practice Test, and work some Additional 
Problems If necessary, before trying a Mastery Test. 
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TEXT: David Halliday and Robert Resnick, Fundamentals of Physics {Hiley, Hew York, 
1970; revised printing, 1974) 



aiGGESTED STUDY PROCEDORE 

Your text does not treat the subject of ac circuits. If you have available any of 
the books listed below, your instructor can supply you with a study guide for this 
module: 

Frederick J. Bueche, Introduction to Physics for Scisatists and Engineers {KcGraw- 
Hill, New York, 1975), second edition. 

Francis Veston Sears and Mark H. Zemansky, University Physics {Addison-Wesl^, 
Reading, Kass. , 1970), fourth edition. 

Richard T. Weidner and Robert L. Sells, El^entary Classical Physics (Allyn and 
Bacon, Boston, 1973), second edition. Vol. 2. 
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TEXT: Francis Weston Sears and Hark W. Zenansky, University Physics (Addison-Kesley, 
Reading, Jtess., 1970), fourth edition 



SUGGESTED STUDY PROCEDURE 

Vou have already studied siiaple examples in which currents or potential differences 
varied wiWi time. It will be useful to review quickly Chapter 29, Section 29-7, 
Chapter 33, Sections 33-11, 33-12, and 33-13. Study fieneral Comnents 1 and 2. Then 
work Problems 35-l(a), (b), (c), and 35-3(a), (b), (c). 

Study Sections 35-1 and 35-2. Notice the conventions used by your text: lower-case 
letters iii9>ly instantaneous values, upper-case letters in^ly amplitudes, or maximtm 
values. The use of rotors was first described in Section 11-4. Review that section 
if the use of rotor diagrams seens unfamiliar. Rotors are also called rotating vectors 
or phasors. Solve Problem A and compare your solution with that given. Then work 
Problem 0. Tne word "voltage," derived from the volt unit, is ctKnmonly used for 
either potential difference or emf. Its useage is so ccmon that you will have to 
learn to live with it. 

Study Section 35-3. finpress on your mind the last paragraph on p. 507. Kirchhoff *s 
rules for circuit analysis depend ultimately on two of the great conservation laws 
of nature: the conservation of charge and the conservation of energy. We sometimes 
get so accustomed to applying "rules" that we .forget what physics lies Ishind them. 



SEARS AND ZEMftNSKY 



Objective 
Number 


Readings 


Problems 

with 
Solutions 


Assigned Problems 


Additional Problems 






Study 
Guide 


Study 
Guide 


Text 




1 


Sees. 11-4, 
35-3, General 
Comnents 3, 5 


A 


D 


35-6 to 
35-9, 35-11, 
35-13 


35-10, 35-12, 35-14, 
35-15, 35-16, 35-18, 
35-19, 35-20 


2 


Sees. 35-1, 35-2, 
35-3, 35-6, 
General Coimtents 
1. 5 


B 


E 


35-l(a), (bj, 
(c), 35-3(aK 
(b), (c) 


35-10, 35-12, 35-14 
to 35-20 


3 


Sees. 35-4, 35-5, 
General Coiiments 
2, 5 


C 


F 




35-12, 35-14 to 
35-17, 35-19 


4 


General Coninent 
4 


B, C 


E, F 
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Stutjy Sections 35-4 and 35-5. Study General Coccsnt 3. Then solve Problem B and 
cocapare ^ur solution irith the one provided. Solve Problem E and Problems 35-6 to 
35-9, 35-11, and 35-13. Stutjy Section 35-6. Resonance is an iinportant special 
case of the general iU.C circuit. If you can handle the general case, resonance is 
easy! Study General Coninent 5. Solve Problea C and con^are your solution with 
the one in the study guide. Tten solve ftroblsa F. 

Take the Practice Test, and mrk som Additional Problsss if necessary, before try- 
ing a Hastsry Test. 
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TEXT: Richard T. Weidner and Robert L. Sells, Elementary Classical Physics (Allyn 
and 8acon, Boston, 1973), second edition. Vol. 2 



SUGGESTED STUDY PROCEDURE 



You have already studied sinJple examples in Which currents or potential differences 
varied with time. It will be useful to review quickly Chapter 27, Section 27-7, 
Chapter 32, Section 32-2, and Chapter 34, Section 34-1. If you have not done so, 
correct Eq. (34-7); the first terai on the riqht-hand side should read 

(^(cos ot)^/2C. 

Study carefully Section 34-2. Keep in nind the notation used by your text for 
instantaneous, ms, and maxiinunj values. Rotating vectors are sonietinjes abbreviated 
rotors. Another comDion term for them is pHasors. By convention the vector rotates 
MSnti"rclockwise, thus «t is the angle measured counterclockwise ^o^J^the position 
at time t = 0. The important point when adding rotating vectors is that instantaneous 
values add algebraically, amplitudes (maxiinum values) or rms values add like vectors. 
Solve Problem A in this study guide, and compare your solution with the one provided 
Then solve Problem D. Study General Comments 1 to 3 in the study f J J^. Then study 
Sections 34-3 through 34-5. Kote the common^ but imprecise, use of the word volt, 
aae- to refer either to potential difference or emf. Equation (34-16) states that 
Te average power iJ; the RC circuit is P = VI, where V and I are rms values of v and 
i This is the average power delivered to the circuit by the source of emf. Where 
does that power come from? Does the generator create the energy? What happens to 
the energy when it is delivered to the circuit? Solve Problem 34-4. 



WEIDNER AND SELLS 



Objective 
fiuiid[}er 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 






Study 
Guide 


Text 


Study 
Guide 


Text 




1 


Sees. 34-2, 
34-6, General 
Coimients 3, 5 


A 


Ex.^ 
34-1 


D 


34-4, 34-8, 
34-10 to 
34-12 


34-3, 34-6, 34-7, 
34-9, 34-13, 34-14 


2 


Sees. 34-2 to 
34-6, General 
Coimients 1, 5 


B 


Ex. 
34-1 
to 34-3 


E 


34-8, 34-10 
to 34-12 


34-3, 34-6, 34-7, 
34'-13, 34-14 


3 


Sees. 34-2 to 
34-5, General 
Comments 2, 5 


C 


Ex. 
34-2, 
34-3 


F 


34-8, 34-11, 
34-12 


34-9, 34-13 


4 


General Comment 
4 


B, C 




E, F 




34-3 



^Ex. = Example(s). 
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Study Section 34-6, Including especially Exanjde 34-3. Notice that the circuit 
analysis depends ultimately on two of the great conservation laws^ conservation of 
charge and conservation of energy. We saDetlmes get so accustomed to applying "rules" 
that we forget the physics that lies behind them. Study Section 34-7. The resonant 
circuit Is, of course, just a special case of the RLC series circuit. Solve Prbblenis 
B and E. Then solve Problems 34-8 , 34-10, 34-11, and 34-12. In ProblenJ 34-11, draw 
a graph of v , v^, and £ as functions of tlmel Study General Comment 5, and solve 

C K 

Problems C and F. 

Take the Practice Test, and work some Additional Problems if necessary, before 
attenq)ting a Hastepy Test. 
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GENERAL COHHENTS 
1. Signs 

In writing the differential equation representing Kirchhoff 's loop equation for 
a circuit, you must be precise and definite in your choice of signs. For exanipl 
suppose we have an RC circuit as in Figure 1. We can choose any convention we 
wish for the signs, but we must make a choice and stick with it. In this case, 
a cOQtnon choice is to say that the current is positive clockwise when the top of 
the source of entf is at a positive potential with respect to the bottom. We 
still must choose a sign for the charge on C. Let us choose the bottom plate to 
have positive charge. (That is a reasonable choice. If S were missing, on 
the bottom plate would provide a clockwise current.) Now the circuit diagram 
looks like Figure 2. Kirchhoff's rule tells us to set the emf equal to the 
potential difference between points a and b: 

iR - q/C = £(t). 

Differentiating with respect to time giv^s us 

R(^) - ) = ^ . 

Now the temptation is to set dq/dt = i. However, with the signs chosen here, 
positive current means that the magnitude of the charge stored in each plate of 
C will decrease. We therefore must $et 

dq/dt - -i. 



The circuit equation then becomes 




Figure 1 Figure 2 



If, on the oth^ hand, we had chosen the reverse convention for the sign of the 
charge on C, a positive current would cause an Increase in the charge stored on 
the plate. The equation would then read 

iR ^ q/C ' Bit) with the condition dq/dt = 1. 
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This gives us, after differentiation, 
**^dt' C dt ' 

Ke get the same equation, as we must, since It describes the same physical situation. 
But we get It only If we are consistent In dealing with signs. 

In a circuit with an Inductor, If the current Increases In the direction of 
positive current (di/dt > 0), we know there will be an opposing emf, trying to 
prevent the increase in current: 

8^ = -Ltdi/dt)- 

See Figure 3- This means that at the time shown in Figure 3, with positive di/dt, 
the Induced emf in the inductor will tend to drive an opposing current counter- 
clockwise. The net snf in going around the circuit is S - L(di/dt). (See the 
redrawn version of the same circuit in Figure 4.) 

e(t) - L(di/dt) = 1R; £(t) = L(di/dt) + 1r. 



Try to reach the point where you can analyze a circuit physically to be sure 
you get the signs correct- Rules memorized without physical understanding are 
fallible and readily forgotten. 




2- Approximations 

Consider an RLC circuit, with an ac source as in Figure 5. The phase 4^ in the 
emf is to allow for the fact that the initial phase of the emf may depend on the 
particular conditions. (The emf miqht not be zero at the instant you turn on 
the switch, for example.) The loop equation for the circuit, assuming the signs 
given, is 

IR + q/C = s1n((0t - L(di/dt)- 
Differentiating, rearranging, and using the fact that 1 ^ dq/dt gives us 



ERIC 



50 



STODY GUIOE: AUernating-Current Circuits 




This differential equation, along with the Initial conditions, detennlnes the 
complete, exact behavior of the current for all time t > 0, up to the time when 
the switch Is again opened. There are math&natlcal techniques for solvlnp this 
equation. The solution will give you the current. Including transient effects. 
However, since we do not wish to plunge into that much mathematical detail, we 
can learn a great deal about the circuit by making some assumptions and aoproxima* 
tions. In so doing, we lose some of the detailed information contained in the 
exact solution of the differential equation. 



One Important assumption we make throughout this module is that we are most 
Interested in the steady*state solution; that is, the solution after the currents 
and potential differences have had time to reach their maximum final amplitudes. 
That means we shall not learn how the current builds up from zero to Its final 
value. 

Another implicit assumption In the treatment used here is that the current has 
the same frequency as the applied emf. That is certainly true, but is not proved 
here. 

Because the frequencies are typically so large that we can Ignore the detail's of 
the oscillation of V or 1> we frequently are interested only in average or rms 
values. That is what you read on an ac voltmeter or ammeter. Of course, you are 
sacrificing a lot of information that would be contained in the exact solution of 
the differential equation. 



When two oscillations of the same frequency are superimposed, the result depends 
on the relative timing of the oscillations. At one extreme, the maxima of both 
oscillations occur at the same instant^ and the oscillations add constructively. 
At the other extreme, the maximum of one oscillation coincides with the minimum 
of the other, and the oscillations subtract. There are, of course. Infinitely 
many cases In between the two extremes. 



Figure 6 




3. i'hase 
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The relative timing of the oscniatlons is detemrined by the relative phase of 
the tw3. Mathematically, the relative tlmlnq can be expressed by equations such 
as 

- Z^Q sin ojt and Eg = C^q s1h([ot + 

where 4» Is the phase angle of ^^^^ respect to S^j. A plot of these two 
expressions, for * =^ 7r/4 rad = 45** looks like Figure 6. Notice that a crest of 

occurs at an angle tot = ji/4 earlier than a crest of The difference between 
leading and lagging is sometimes confused because. In our right-handed society, 
Sg appears to the left of and therefore looks as if it's "behind" ft^. Resneniber, 
the abscissa is proportional to the time, not the position. If one wave precedes 
the other in time, it leads! 

If you simply try to memorize the fact that the potential difference leads the 
current for an inductor, dn<j the current leads the potential difference in a 
capacitor, that knowledge probably will not stay with you very long* Even if you 
resort to mnemonic trickery, it will not help you learn physics* The correct way 
to learn which quantity leads which is to reason physically* 

An Inductor is a coil of wire* A current in the wire will produce a magnetic field 
through the coil, and therefore a magnetic flux. If the current changes, the flux 
will change, and Faraday's law, S - -d*/dt = -L(d1/dt), tells us that the chanQing 
flux produces an Induced emf to oppose the chanQe* Because of the opposinn emf , 
it is hard to force a change in current in the wire of an inductor* In fact, if 
you try to abruptly change the current, the emf approaches Infinity, since it is 
proportional to di/dt. Because the induced emf always opposes a current chance, 
the current change cannot "keep up with" an imposed change in emf* The change in 
current always lags behind a change in the Imposed emf* 

To change the potential difference of a capacitor, we must transport charge from 
one of the plates tq^ the other. To change the pqte^^ we 
must transport a lot of charge in a werV short time* In the fimit of very sfioirt 
times, we approach an infinite derivative, 

dV/dt = l/C(dq/dt) = (1/C)1, 

Since we cannot get an infinite current, we cannot change the potential across 
a capacitor in an infinitesimal time: The potential change cannot "keep up with" 
the current; the potential lags behind the current* 



4* Energy 

In charging up a capacitor, the source of emf performs work on the charges, which 

Increases the energy stored in the electric field of the capacitor* We know that 

a capacitor C, charged to a potential difference V, will have energy 
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Inductor with a current I has 



4f '^Co^^oA*^ 

Figure 8 

In an ac circuit containing capacitors and Inductors, and possible resistors, there 
Is clearly some kind of energy exchange going on between the electric and magnetic 
fields, with the source of emf available to do work or have work done on It. To 
try to understand what Is goinq on, consider a simple LC series circuit, as In 
Figure- 7i In which we assume that the Inductor has zero resistance. We construct 
a vector diagram for the circuit In Figure 8, referring all vectors to the current, 
since all elements of the circuit have the current In common. The net emf 8 Is the 
difference between V^^ and V^^, since those two vectors are 180** out of phase. Let 
us assume that ml > l/{ti)C), so that £ Is In phase with V^. We can now. plot the 
emf, the current, and the potential differences as functions of the time - see 
Figure 9. In Figure 10 are shown the configurations of fields at the times tp tg, 
tg, and t^ that are Indicated on the graphs of Figure 9. These configurations 
are easy to figure out. If you recall that the magnetic field Is proportional to 
the current, and the electric field is proportional to the potential difference 
across the capacitor. We see that between t^ and t^^ the magnetic field Is collapsing, 
and the electric field Is building up. The energy In the circuit oscillates 
between the Inductor and the capacitor, as the fields build and collapse In the 
two elements. 



E = (1/2)CV^ 

stored in the electric field. Similarly, an 
stored in Its magnetic field the energy 

E * (1/2)LI^. 



Figure 7 
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(b) t. 



Figure 10 





(C) t3 ^ 
5. More Complicated Circuits 

You might by now have the impression that all ac circuits must be hooked up in 
series. That is not true, and this coimient will emphasize a general approach to 
all ac circuit problems. 



Fi^uxe 11 



C = n 



Figure 12 



(Veil 



Figure 13 
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The key is to break a complicated circuit into sections in which all elements 
have a potential difference or a current in c(Hmion» and to draw a vector diagram 
for each section » referring each vector in a diagram to the comnon factor. For 
example^ suppose we had In a circuit the combination shown in Figure 11. Both 
and C must have* at each instant^ the same potential drop. Let us call that V^j. 
The inductor L and resistor R2 both have, at each instant, the same current i. 
For the CR^ section, refer the two current vectors (ij^ )q and (iQ)Q, to the conmon 
potential drop. The diagram is shown In Figure 12. T^e current In a resistor is 
always in phase with the potential drop across it, and the potential droo across a 
capacitor always lags behind the ac current In the capacitor by ir/2 rad. 

Refer the two potential drops in the LR2 section to the common current ip. The 
vector diagram is shown in Figure 13. The potential drop across R2 is in phase 
with the current in the resistor. The current in an ideal inductor always lags 
behind the potential drop across it by 7r/2 rad- The only tricky part is to couple 
these two vector diagrams together. Ife do this by noting from the circuit diagram 

that 

i(t) = ip^(t) + ip(t),. 

or» If we add amplitudes or rms values, that ip is the vector sum of (i^ }p and 
(1q)q, Going back to the first vector diagram. Figure 12, we can draw in ip- We 
see from Figure 14 that if. leads (ip by 




Now, since we have ip on the first vector diagram, we can simply add the rest of 
the second vector diagram, rotating so that al^ .ectors bear the proper relationship 
to If., See Figure 15* 




Figure 15 
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If the probleu deiends it, we can get (Vgjp, the vector sum of (V|^)p and (Vn )q. 
Ke can even get the total asiplltude of the potential drop. 

Since the vector diagram gets messy now> let us simnarfze by drawing two vector' 
diagrams^ one for currents and one for potential drops> Figures 16 and 17> respectively. 
By studying the diagram for potentials^ can see that 

1 (V2)o ' i(V2)o sin(e + ^) 

Using these relationships^ and equations such as 

one can learn everything about the circuit, if the algebra does not get too messy. 
Remember, the instantaneous value of any of these quantities is the vertical 
component of the vector at tine t, if the diagram is rotated counterclockwise 
with angular velocity to. 




PROBIEH SET HITH SOllFTIOHS 

A(l). Figure 18 represents part of an ac circuit. Hie potential differences V. 
and Vg are: v^(t) = v^q sin(ut + 5^), Vgtt) = v^q sin (ut + 6^)» 
v/here v^q = 24.0 V, VgQ = 16.0 V, u = 3.00 x 10^ rad/s,»6^ = -30*, and 
= 45*. 

(a) On a rotating vector diagram, show vectors for v-iq and v^q at times 
t = 0; t = (ti/1.80) X lO''^ Si and t - (ti/6) x 10"^ s. 

(b) Calculate the instantaneous values of Vi(t), VgCt), and the total 
potential drop v-j(t) + Vgtt) at the times specified in part (a). 

5'> 
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(c) Detemlne the mximm value of v(t), and its phase with respect to 
either v^q or v^q. 

(d) Plot v^, Vg, and v as functions of time. 



Figure 18 




Solution 

(a) At t = 0: see Figure 19(a). At t = (jr/1.80) x lo"*, 

«t = (3.00 « 10^)(Tr/1.80 X 10"*) = «/6 rad = 30'' 
See Figure 19(b). At t = s/B x 10"^, 

(ot = (3.00 X W^)(-n/6 X 10'^) = k/Z rad = 90'. 
fee Figure 19(c). 

(b) Conponait of Vq along verical axis iv(t). See Figure 20. Instantaneous values 
add algebraically:' 

t = 0: v^(0) = v^p sin 6^ = 24 sin(-ii/6) = -12.0 V. 

V2(0) = Vgp sin = ^6 s1n(ii/4) = 16(y^/2) = 11.3 V. 
v(0) = v^(0) + V2(0) = -0.70 V. 
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t = r/l.SO X 10"^: v^(3i/1.80 X 10"^) = v^Q sin{ut + 5^) = y^p sin(:F/6 - 3/6) 



This was obvious froia tile vector diagraia. See Figure 21. 

1 







— Z^^^ 


Figure 20 



















Figure 21 




V2(a/1.80 X 10"^) - V2Q sin(ut + = v^q sin(75') = 12 slnCJS*) = 11.6 V, 

v{Tr/1.80 X 10"^) = 11.6 V- 
t - Tt/6 X 10"^. lot = ir/2 rad. See Figure 22. 

v^(^r/6 X 10"^) = v^p sinCat + 5^) = v^p sin(ir/3) = 20.8 V. 

V2(a/6 X 10"^) = Vgp sin(i^t + o^) = v^q sin(3:r/4) ^ 11.3 V. 



v(V6 X 10"^) = 32.1 V. 



Figure 22 




Figure 23 




(c) Haxinrum values add like vectors. Wa can use any one of the vector diagrams. 
The easiest to use is Figure 21, since v^p has only one component: . 

^ ^Ox * ^Oy' V " ^20 - n.6 V from part (b). 

% = v^p + Vgp cos 75* = 28.1 V, Vp = 924.17, Vp = 30.4 V. 

« = tan"^(Vpy/Vpjj) = tan"^ (11. 6/28.1) = 22.4*, 

58 



STUDY GUIDE: AUema ting-Current Circuits 



14 




B(l-3). (a) In the ciraiit shown In Figure 25* draw a rotating vector diagram showing 
^RO* ^CO* ^0* ^"^^ ^0* 

(b} Caloilate the current amplitude ig, and v^g and v^g, in terms of 6g, R, 
and C. 

* 

(c) Determine values of R and C such that the inaxlnnim potential difference 
across C Is (1/2)8q at a frequency of f = «/2ir = 10^ Hz. 

(d) For the values chosen In part (c}> determine the phase angle and draw a 
graph showing v^(t} and £(t} versus time. 

(e} Calculate the maximum Instantaneous power dissipated In the resistor. 

(f) Compare the average power dissipated In the resistor with the average 
power supplied by the source of emf. 




(a) Since 1(t) is cOTinon to both R and C, refer the vectors to the current i. 



Vp - IR is in phase with i, thus v^q Is parallel to i; v^- lags behind the current 
by ir/2 rad (why?). See Figure 26. If you wish to rotate the diagram to time* 
t = 0, get £« horizontal, as In Figure 26(b). 



ERLC 
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4 " ^l^^^ * 0M)2] or ip = e/Z, 
where 

Z= [F?- (l/faC)^]^^2. 

Does Mi&t fnake sense? Are dimensions right? As the plates of the capacitor cftne 
totiether, the capacitance increases. If they touch, the capacitor is shorted. 
See Figure 27. 





Figure 27 Figure 28 

1 

C 



lim = Sg/R. That looks OK. 



lifl! ip = EquC = £q/\> vrfiich also looks OK. Then v^^ = igX^, = £q sin ^, 
R ^ 0 

vjhere * = tan"^(vQj/VpQ) = l/RiijC from the diagram* Then 

where v^^g Is a function of frequency. The higher m Is, the snialler the potential 
drop across C* This circuit Is called a "low-pass filter*' ^f y^{t) Is taken as 
the output. It "passes'' low frequencies. 

Vr = IqR = COS ^ = CqI = Z^/U + C(^)]'^'. 

Vp ^ets bigger as u increases. If is used as the output, it is called a "high- 
pass filter." As a high-pass filter, the circuit is usually written as shown in 
Figure 28. 

(c) = £p//r+ (RidC)^ » tp/2, therefore 

1 + (RuC)^ = 4, R = y^/wC = JznZn X 10^)C. 
If we choose C 1 nF = 10'^ F, then 

R = /3/2ir X 10^ = 276 li. 
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(d) See Figures 29 and 30. 
X 



= 0.523 rad s< 30'. 





Figure 29 



Figure 30 



(e) Pp(t) = Ci(t)3^R. But i(t) = ip sin(ut + e), where e = 90 = 60". The 
maximum power is 



For u « 2ii « 10*, R = 276, C » 10'', and 



r2 + (1M)2* 



CO, 2, 3, 4). In the circuit shown in Figure 31, 
R - 3.00 X 10^ ft, C = 10'^ F, 
L = 2.00 H, u - 10^ rad/s, and 
£p = 25.0 V. 

(a) Calculate i(t). 

(b) Calculate the average po«er 
supplied to the circuit. 

(c) Plot e(t), i(t), and p(t) 
versus ut. 



£(, S'»rt wt 



3 



3" 



Figure 31 



Solution 

Begin by dividing the circuit into sections in which all elements have a potential 
drop or a current in coinnon. See Figure 32. The RC combination has a comnon poten- 
tial difference. Call it v^. 
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= IpR. (1) 
- if-iW), (2) 

Where Is In phase with Vp and 1^, leads by s/Z rad (why?). The total 
current 1 Is the sum of 1^ and 1^,. The amplitude 1q Is the vector sum of Ij^ 
and 1^. (Of course^ so far ve do not know any of the currents.) The angle 9 
In Figure 33 Is given by 

tan ^ = ^Co'IrQ = ^lO^^^^^IO ° 10*(3.00 x 10^)(10'^) = 3.00; ^ = 71*34'. (3) 




Figure 32 Figure 33 

Now we have to hook up the rest of the circuit. The top and bottom elements have 
the current 1q in common, therefore we draw a vector diagram, referring Vg and v^ 
to 1q. See Figures 34 and 35- Vg leads 1 by ir/2 rad (why?). "Rie amplitude Is 



^20 " ""O^ " ''o'^^- 



(4) 



Hi 




Figure 34 
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We 



already know froEti Eq. (3) that v-j lags behind by a phase angle 



^ = tan"^ (ijRC= 71*34'. 



ERIC 



The vector sum of v^q and Vgp is the amplitude of eaf Sp. We are given that Sp 
= 25.0 V. The angle 6 is 

tan 6 = (Vgp - v^p sin «)/(v^p cos (5) 

How let us take stock. We know Sp, R, L, C, and We do not know ip» v-jp, w^Qt 
and 6. So let us start with fip, and work our way back. From the vector diagram, 

^0 = 4 ^ iy - ^^10 '^^^ ^ ^^20 - ^10 

If we can get v^p and Vgp in terms of ip, we can solve for 1p, and also get 6: 

Vgp = ip«L, v^p = ij^R = ip(cos «)R. 

The last step comes from the first vector diagram. Figure 33. Equation (6) now is 

Sp = cos^ * + i^CR cos « - uL sin rf. (6') 

i| = ^/{(uL)2 + [R cos « - uL sin ^f} 

= (25)2/{(2 ^ 10^)^ + [(3.00 ^ 10^)icos 71*34') - (2 x 10^)(s1n 71*34')]^} 
= 1.13 X 10'^ A. (7) 

We know, from Eq. (4), Oiat Vgp - i^uL = 22.6 V and v^p = ipR cos j> = 10.7 V. 
Equation (5) then gives us e: 

tan e = 3.68; e = 74.8'. 

Finally, 

i = ip sin(wt + 6) = (1.13 x lO'^) sfn(wt + 74. 8*^) 

= (1.13 X 10'^) sin(wt + 1.31) ff the angle is in radians. 
Pav = ^ms'ms * " (^/2)8p1p cos * - 4.5 x lO'^ W. 
(c) See Figure 36. 



63 



STUDY GUIDE: Alternating-Current Circuits 



19 




Figure 36 

Problems 

D(l). In Figure 37 are sketched two potential differences as functions of time. 

(a) State whether leads or lags v^- 

(b) Draw a vector diagram for and at an instant of time that you choose 
State the instant you choose. 

(c) In terms of u (assumed known) and the other given constants > write 
algebraic expressions for v^(t) and VgCt). 




Figure 37 

E(l-4). (a) In the circuit shown in Figure 38, draw a rotating vector diagram showing 
^RO* \0' ^"^ ^*0- 

(b) Calculate the current amplitude !„, and v^n and v,n, in terms of £„, 
R. L, and w. 0 RO LO 0 

(c) Determine values of R and L such that the maximum potential difference 
across L is (l/2)Sf, at a frequency of f = w/2ir = 2.00 x 10* Hz. 
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(d) For the values chosen in part (c), detenuine the phase angle and draw a 
graph showing v^(t) and 8(t) versus tine* 

(e) Calculate the maximunj instantaneous power dissipated in the resistor. 

(f) Canpare tile average power dissipated in the resistor with the average 
power supplied by the source of anf. 



F(l-4). In the circuit shown in Figure 39, ip = 10.0 mA, f = 10^ Hz, =10.0 iilH, 
= 250 riH, C = OJOO yF, and R = 1.00 (eft. 

(a) Draw phase diagrams for the U-C se^ent and the L»-R segment of the 
circuit. ' 

(b) Calculate v^q. ^cO' \0' ^RO* 

(c) Calculate 8p. 

(d) At ut ~ 2-!r, calculate the energy stored in C, and Lg. 

(e) At tut - 3ir/2, calculate the energy stored in l-^, C, and Lg. 



Solutions 

0(1). (a) Vg lags v^ by ir/3. 

(b) See Figure 40, at t = 0. 

(c) v^(t) = 10.0 sinUt - ir/2) = 10.0 cos ut. 

Vgtt) = 7.5 sin(ut + ir/2 - ir/3) = 7.5 cos(a)t - ir/3). 

E(T-4) . (a) . See Figure 41 . ^ 

(b) ip = Zq/A^ + (wlf, Vpp = SqR/A^ + (ojL)^. v^ = tQtl/A^ + (ojL)^. 




Figure 38 



Figure 39 



63 



STUDV GUIDE: Alternating-Current Circuits 



21 




Figure 40 Figure 41 

(c) R = 3.46 X lol; e.g.. if L = 0.200 H. R = 6.92 x 10^ fi. 

(d) $ = 30'. See Figure 42. 

(Vnax = ^'oR = «ofVf^R^^('^'^->- 

(f ) (Pr)^^ = {i/2)ioR = &lmlR^ + W^l. 

(Pe)av = 82ty2[R2 + (toL)23. 

F(l-4). (a) See Figure 43. * = 57.5* - 1.00 rad. 

(b) v^^Q = 0.628 V; = 15.9 V; v^^q = 13.2 V; v^q - 13.2 V. 

(c) £q= 11.9 V. 

(d) E(L^) = 0; E(C) - 1.26 x lo'^ j; EiL^) = 2.57 x 10'^ j. 

(e) E(L^) = 0.50 X 10"^ j; E(C) = 0; Eil^) = 6.32 x 10"^ j. 




Practice Test Answers 

1. See Figure 45. 

2. ip(t) = 15.0 X 10'^ sin(2.00 x 10*t); i^tt) = 0.300 sin(2.00 x 10*t - 7r/2). 
ij>(t) - 1.20 sin(2.00 x lO*t + ir/2); i(t) « 0.90 sin(2.00 x io*t + 89*). 

3. (Pr)^, - 0.225 W; (P^)^^ = 0; (Pc)^, = 0; (Pg)^^ = 0-225 W. 

4. Source supplies energy that is dissipated in the resistor, as heat. Some of the 
remaining energy oscillates back and forth between the electric field of the capacitor 
and the magnetic field of the inductor. The rest is alternately pumped into the 
source and is supplied by the source. 

5. At the resonance frequency, '^^^ P^^^^ ^"9^^ zero. The total 
energy in the LC part of the circuit remains constant, simply oscillating back and 
forth between the capacitor and the inductor. 

Figure 45 





is/pej ^ot X oo*t = oy/t = °« 

oij paeueqo auaM ^ouanbaj^ JBtn6uB aqi aeueqo sJsmsub uno^ ptnoM 

•^tnDjp aqi ut mou jC6j3ua sqi ^t^Atmuenb aqtuasap 

'^m ^0 aoJnos aqi pa^ddns uaMod aeeuaAe a^etnat^ 'joip 
-BdBD aqi puB *joi3nput aq^ *jaists3u aq^ o^ ^ndut jaMod a6BjaAB aqi aietnat^O *£ 

•s/peJ ^qt X 00*2 = « *drt 00*2 = 0 *Hui 0*S = 1 *lS5i 00'2 = H *A O'Oe - °8 

lai •auiti ^0 suoLpun^ se t pue '^'t *"'t ***t a^etnot^ 'Z 
0 °3 °1 Oh 

-"t puB * -'t * 't * °t *siuajjn3 aqi euouie suouetsJ sseqd aAtiet^J 
aq^ 6ut:^BJisn[[t iirBj6Bip JO^oaA e MBjp 9Jn6tj ut uMoqs itnouto aqi JOj •[ 
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1. In the circuit shown In Figure 1, calculate the currents as a function of time* 
Include in your solution a phase diagram showing all relevant phases. Assume 
that Zq^ R, l, and C are known- Plot i(t) and S.(t) as functions of tot. 

2. Given that w is 10^ rad/s, Cq - 15.0 V, R = 10.0 kfl, determine values of I and 
C that will satisfy the resonance condition. What happens to the amplitude of 
i under that condition? 

3. With the values of L and C determined in Problem 2, calculate the maximum enerqy 
in the magnetic field of the inductor, and the maximum energy in the electric 
field of the capacitor. Describe how these energies vary with time. 

4. Calculate the average power delivered to the circuit under the conditions of 
Problem 2. 



Figure 
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The fbllowing problems apply to the circuit shown in Figure 1- Assuiue S^, ci>, R, L, 
and C are known. 

1. Divide tfig fc1rt:uit iht5 sections that have a CdimiOR current or potential. Draw 
a vector diagrais for each section. 

2. Uhat Is the phase angle between the enf Z and the potential drop across the 
resistor Vjj? Does lead or lag g? What is the phase angle between the current 
1 and the emf C? You express your answer In tenns of the (unknown) currents 
Ihj and ig 1^ yo" wish. 

3. Calculate the average power dissipated in the resistor^ in terms of £q» R» L» 
C» and 

4. Describe the energy flow In the circuit, qualitatively, and as quantitatively 
as you can. 
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Tutor 



In the circuit shown in Figure 1, drew a vector diagram showing all currents and 

potential differences. Calculate the current i as ^ function of time. Let 

Zq = 1.00 V, o - 377 rad/s {or f = 50 Hz), R =■ 500 n, L - 4.0 H, and C => 2.00 pF. 

2. Calculate the power delivered by the source as a function of time. Calculate 
the power into the field of the capacitor as a function of time. 

3. Calculate the average power delivered to the circuit. What would you do to 
L, or C, or the product LC, to maximize the power delivered? 

4- Describe the energy flow as a function of time. 




Figure 1 
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mSTERY TEST GflADIfiG KEY - Fonn A 



1. What To Look For: Diagram may be done in parts, but all phases should be 
properly indicated. Figure 50 is plotted for positive 4>. Be sure student 
knows t^e difference between positive and negative phase. 



Solution : See Figure 49. v^^ " \0u^ ^C(/"^* 
^RO = V- 



(Al) 
{A2) 



^0 " ^CO " \0' 



From Eq. (Al ), i^^ = ij^o"^^* 
ip = - 1); 

^ = tan'^(v^p/vpp) = tan"^(i,nwL/inR) = tan"^CtiL/R(w\c - 1)3- 



(A3) 

(A4) 
(AS) 



From £qs. (A4) and (Al), 

" \o^''^^^ - ""J = (vinM)(Ac - 1) « (€„ sin L)(Ac - 1); (A6) 



'10' 



i = ip sin(ut + See Figure 50. 





Figure 50 



Figure 49 
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2. What To Look For: Any combination of L and C such that LC ~ 10 Is OK. 
Solution : Resonance occurs when u " l/tCc", therefore 
LC = 1/to^ ? 10'^^ s/rad. 



Let L = 1.00 mH, C 1 nF, for example? 

'0 



ip - £q sin *UC - IM) = £q(uC - 1M){(oL/CR^(Ac - 1)^ + (uL)^]^^^). 
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If « = 1/^, 1p = £p X 0 = 0. 

3. Hhat To Look For : There is no current fran the source at resonance, toow 
energy of an Inductor and a capacitor. The maxlimini energies In L and C are 
the same at resonance. 

2 

Solution: (\)jr^y^ ' (1/2)L1j^p. Since 1q is zero, the potential difference across 
the Inductor and capacitor is the potential difference across the source: 

U^)^ - (l/2)Ll2p = ^/2Jl, = 1/LC. 

Therefore a 

^h)m^x " 0/2)^C - (1/2)(15)2(10-^) - 1.125 x 10*^^ J, 

^Vmax " n/2)Cv^(j = (1/2)C£2 ^ 1J25 x 10^^ J. 

Since ^ - &/2, £^ is a maximum when is zero, and vice versa. Energy leaves the 
collapsing magnetic field, and goes into building the electric field, etc. 

4- Solution : Since the current Iq is zero, the power delivered, to circuit: 

Pav " ^^^2)£oio cos ^ = 0. 

Current oscillates in the LC branch, but no power is dissipated, and none is 
delivered by the source. 



72 



ALTERWTIKG'CORREHT CiRCUITS 



8-1 



MASTERY TEST 6RADIK6 KEY - Fomi 8 

1* Wiat To Look For : Correct phase relations. Ask student about omitted quantities. 
Solution : See Figure 51 . 



Figure 51 




What To Look For : Any of the relations below are OK* Algebra not as Important 
as beginning with correct relationships. 

Solution : ^ - '^''"^ (^L(/^RO^ ^ tan^^El^pGjiyi^O^^ ^ tan"^(6jL/R), Vj^ leads The 
angle between 1 and & Is e. 



(llo)^ I'lO COS * 



(Sg/R) cos'^ * 

3, What To Look For : i&iowledge that nns voltages and currents are l/v^ times 
amplitudes. Look for correct place to start in calculation. 

Solution : i^Q = Vj^q/R = (8q cos «)/R = Sg/tR^ + A^)^/^. 

(^R^av ^ (^R^s^^'l^ras * ^ (^/2)Vjjpi^o cos * = e^R^/ZtR^ + ^2)3/2, 

4* Solution: Energy will oscillate back and forth between magnetic and electric 
fields* Energy dissipated by the resistor will be supplied by the source* In 
general > sonie energy will alternately enter and leave the source from L or C* 
Quantitatively, 
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Pj^tt) = i^Vj^ = i^dL s1n(ot sin(ot + * - 1) 

— sinttflt + ^) cos(tflt + * \r ^ ^ sinC2(tflt + ^)3. 

(ft + A^) 2(r * tflV) 

P(-(t) » Vj-ig -^uC sin tflt sin(«t + v/Z) » (1/2)£qwC sin[2(tflt)3. 

To plot these would be very messy. It is ii^portant that P, and P^. are out of phase, 
and there is an oscillation in energy. 
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KftSTERY TEST 6RA0I«6 KE^ - Fom C 



C-1 



1. What To Look For : Correct signs of all phases. All angles correct. 
Arlttsnetic not so in^rtant. Proper setup is important. 

Solution: See Figure 52. 

^' - I = TX-^ n72> * ^ tan-^(i^-^Kl^) = 20.0^ 



1 = 



156 sin(at + 20") 



= 0.2g3 sin(Mt + 20"). 



(500)2 ^ (3„(4j _ ^/|;377(2 x W^^f 

2. Solution : P^(t) = S(t)i(t) = SgiQ sin at sin(ut + ^) = 45.7 sin at 5in(at + ^). 

^fXt) = V(,(t)i(t) = (i^/wC) sin(eet - 7r/2) sin(at + ^) = -(i^/uC) cos tot sin(ut + ^) 

= -114 cos tat s1n(c0t + 
(Pglgy = (V2)ep1p COS ^ (l/2)(156)(0.2g3) cos 20** = 21,4 H. 

3. Maximize 1^^ and cos ^ by setting 1/w. Haximunj energies In the Inductor 
and capacitor are not the sarne^ except In resonance. In this case> 

*^*max = n/2)L1^ = 0.172 J. (E^)^^^ - (l/2)Cv^ - (1/2)C(1^/ ^C^) = 0,151 0- 

The 0,151 0 Is transferred from the electric field of the capacitor to the 

magnetic field of the Inductor, Energy is dissipated in the resistor, with 

2 

the maximum value of power dissipation being (PoL„ - (l/2)1nR = 21.5 W> with 

K max u 

an average value of 10,7 W, Some energy (0.021 J max) is alternatively put 
back into the source, and delivered by it to the electric field of the 
capacitor. 



Figure 52 
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